Abstract. We develop a theory of the transmission and reflection sub-processes to constitute the (combined) process of scattering a quantum particle on a static symmetric potential barrier in one dimension. It contains two parts. In the first one we find two solutions of the Schrödinger equation, which describe these alternative sub-processes at all stages of scattering. Their sum gives the wave function to describe the whole combined process. The second part represents the study of the temporal aspects of both the sub-processes, based on the above solutions and renewed Larmortime concept. The theory of the tunneling phenomenon is free of paradoxes and admits an experimental verification.
Introduction
For a long time scattering a particle on one-dimensional static potential barriers have been considered in quantum mechanics as a representative of well-understood phenomena. However, solving the so-called tunneling time problem (TTP) (see reviews [1, 2, 3, 4, 5, 6] and references therein) showed that this is not the case.
At present there is a variety of approaches to introduce characteristic times for the one-dimensional scattering. They are the group (Wigner) tunneling times (more known as the "phase" tunneling times) [1, 7, 8, 9, 10] , the sojourn times (known, in the stationary case, as Smith's dwell time) [11, 12, 13] , dwell time [8, 14, 15, 16, 17, 18] , the Larmor time [14, 19, 20, 21, 22, 23, 24] to give the way of measuring the dwell time, and the concept of the time of arrival which is based on introducing either a suitable time operator (see, e.g., [25, 26, 27, 28, 29] ) or the positive operator valued measure (see review [5] ). A particular class of approaches to study the temporal aspects of the scattering process includes the Bohmian [30, 31, 32, 33, 34] , Feynman and Wigner ones (see [35, 36, 37, 38, 39] as well as [2, 5] and references therein). One has also point out the papers [40, 41, 42] to study the characteristic times of "the forerunner preceding the main tunneling signal of the wave created by a source with a sharp onset".
As is known (see [1] ), the main question of the TTP is that of the time spent, on the average, by a particle in the barrier region in the case of a completed scattering. The standard setting this problem implies that the particle's source and detectors are located at a considerable distance from the potential barrier. The answer to this question is evident must be unique for a given potential and initial wave packet. In particular, it must not depend on the peculiarities of measuring by the removed detectors.
A simple analysis shows that the answer have not yet been found in quantum mechanics. The concepts of the group, sojourn, dwell and Larmor times aimed to solve the TTP lead to the different tunneling times. Moreover, it must be admitted that the tunneling effect is viewed in these approaches as an unexplained phenomenon surrounded by paradoxes. We bear in mind, in particular, 1) the absence of a causal relation between the transmitted and incident wave packets [43] ; 2) a superluminal propagation of a particle through opaque potential barriers (the Hartman effect) [8, 44, 45, 46, 47] ; 3) aligning the average particle's spin with the magnetic field [14, 23] ; 4) the Larmor precession of the reflected particles under the non-zero magnetic field localized beyond the barrier on the side of transmission [21] .
A particular attention should be paid to approaches to study the temporal aspects of a completed scattering in the framework of the Bohmian mechanics (see, e.g., [30, 31, 32, 33, 34] ). At the first glance, the Bohmian mechanics, unlike conventional quantum theory, provides an adequate description of the tunneling effect. For its "causal" one-particle trajectories exclude, a priori, the appearance of the above paradoxes. For example, in the case of tunneling a particle through an opaque rectangular barrier, the dwell time obtained in this approach, unlike Smith's and Buttiker's dwell times, increases exponentially together with the barrier's width (see also Section 4.4). That is, there is no room in these approaches for the Hartman effect.
It should be stressed however that the Bohmian model of the one-dimensional quantum scattering is not free of paradoxes. As is well known, in this model the region of location of the particle's source consists from two macroscopically distinct parts separated by some critical point. This point is such that all particles starting from the sub-region, adjoint with the barrier region, are transmitted by the barrier; otherwise they are reflected by it. That is, in this model the subensembles of transmitted and reflected particles are macroscopically distinct at all stages of scattering, what clearly contradicts the main principles of quantum mechanics.
Besides, the position of the critical point depends essentially on the barrier's shape. For a particle impinging the barrier from the left, this point approaches the left boundary of the barrier when the latter becomes less transparent. Otherwise, the critical point approaches minus infinity on the OX-axis. This property means, in fact, that particles feel the barrier's shape, being however far from the barrier region. Of course, this fact evidences, too, that the "causal" trajectories of the Bohmian mechanics, as they stand, give an improper description of the scattering process.
The main purpose of the paper is to show that the source of the most difficulties and paradoxes to arise in the known approaches is common for them, and it lies beyond the TTP. Namely, we consider that the most of quantum one-particle scattering processes, including the scattering problem at hand, are combined ones to consist from several coherently evolved alternative elementary sub-processes. Conventional quantum mechanics, as it stands, does not distinguish between combined and elementary processes. At the same time the most of quantum-mechanical rules applicable to elementary one-particle processes must not be used for combined ones. Disregarding this circumstance leads to paradoxes in studying such processes.
The paper is organized as follows. In Section 2 we introduce the concept of combined and elementary quantum processes and states. By our approach the (combined) state of the whole quantum ensemble of particles, at the problem at hand, represents a coherent superposition of two (elementary) states of the (to-be-)transmitted and (to-be-)reflected subensembles of particles, macroscopically distinguishable at the final stage of scattering. Two relevant solutions to the Schrödinger equation found first are presented in Section 3. They give the basis for studying the temporal aspects of transmission and reflection (see Section 4).
2. The Schrödinger's cat paradox and tunneling phenomenon: the concept of combined and elementary states.
For our purposes it is relevant to address the well-known Schrodinger's cat paradox which displays explicitly a principal difference between macroscopically distinguishable quantum states and their superpositions.
As is known, macroscopically distinct quantum states are symbolized in this paradox by the 'dead-cat' and 'alive-cat' ones. Either may be associated with a single, really existing object, which can be described in terms of one-cat observables. As regards a superposition of these two states, it cannot be associated with any cat to exist really (the cat cannot be dead and alive simultaneously). To calculate the expectation values of one-cat observables for this state is evident to have no physical sense.
As is known, quantum mechanics as it stands does not distinguish between the 'dead-cat' and 'alive-cat' states and their superposition. It postulates that all its rules and prescriptions should be equally applied to macroscopically distinct states and their superpositions. From our pint of view, the main lesson of the Schrodinger's cat paradox is just that this postulate is erroneous. Quantum mechanics must distinguish these two kinds of states on the conceptual level.
Hereinafter, any superposition of macroscopically distinct quantum states will be referred to as a combined quantum state. At the same time all quantum states, like the "dead-cat" and "alive-cat" ones, will be named here as elementary ones. Thereby we emphasize that such states cannot be presented as a superposition of macroscopically distinct states.
Note, the concepts of combined and elementary states are fully applicable to the scattering problem at hand. Though we deal here with a microscopic object, at the final stage of scattering the states of the subensembles of transmitted and reflected particles are distinguished macroscopically. Thus, scattering a quantum particle on the one-dimensional potential barrier is a combined process. It consists from two alternative elementary one-particle sub-processes, transmission and reflection.
The main peculiarity of any time-dependent combined quantum one-particle state is that it describes several alternative elementary one-particle processes evolved coherently. From this it follows that 1) such a state cannot be associated, in the classical limit, with a single one-particle trajectory; 2) the squared modulus of such a state cannot be interpreted as the probability density for one particle; 3) for this state it is meaningless to calculate expectation values of one-particle observables, or to introduce one-particle characteristic times and trajectories. All the quantum-mechanical procedures are applicable only to elementary states. Neglecting this rule just leads to paradoxes.
In this connection, it is also useful to remark that one has to distinguish between the interference of elementary states and that of different parts of the same elementary state (the latter takes place, for example, in the case of the ideal reflection off the infinitely high potential wall).
Thus, to explain properly the tunneling phenomenon, one needs to study the behavior of the subensembles of transmitted and reflected particles at all stages of scattering. Unlike the whole ensemble of particles, these two subensembles may be described in terms of one-particle observables. This also concerns the tunneling time: it may be introduced only for the subensembles. Introducing tunneling times averaged over all particles is meaningless, by our approach.
At the first glance, the above programm of studying the quantum scattering is impracticable, in principle. The point is that quantum mechanics, as it stands, does not give the way of reconstructing the prehistory of the subensembles of transmitted and reflected particles, by their final states. However, as will be shown below (see also [48] ), in reality, the mathematical formalism of quantum mechanics implies such a reconstruction: we found two solutions to the Schrodinger equation, which describe both the sub-processes at all stages of scattering. Either consists from one incoming and only one outgoing (transmitted or reflected) wave. Thus, though it is meaningless to say about to-be-transmitted or to-be-reflected particles in the problem considered, to say here about to-be-transmitted and to-be-reflected subensembles of particles is meaningful.
3. Wave functions for one-dimensional transmission and reflection
Setting the problem for a completed scattering
Let us consider a particle incident from the left on the static potential barrier V (x) confined to the finite spatial interval [a, b] (a > 0); d = b − a is the barrier width. Let its in-state, ψ in (x), at t = 0 be a normalized function to belong to the set S ∞ consisting from infinitely differentiable functions vanishing exponentially in the limit |x| → ∞. The Fourier-transform of such functions are known to belong to the set S ∞ , too. In this case the position,x, and momentum,p, operators both are well-defined. Without loss of generality we will suppose that
here l 0 is the wave-packet's half-width at t = 0 (l 0 << a).
We consider a completed scattering. This means that the average velocity,hk 0 /m, is large enough, so that the transmitted and reflected wave packets do not overlap each other at late times. As for the rest, the relation of the average energy of a particle to the barrier's height may be any by value.
We begin our analysis with the derivation of expressions for the incident, transmitted and reflected wave packets to describe, in the problem at hand, the whole ensemble of particles. For this purpose we will use the variant (see [49] ) of the wellknown transfer matrix method [50] . Let the wave function ψ f ull (x, k) to describe the stationary state of a particle in the out-of-barrier regions be written in the form
here k = √ 2mE/h; E is the energy of a particle; m is its mass. The coefficients entering this solution are connected by the transfer matrix Y:
where T , J and F are the real tunneling parameters: T (k) (the transmission coefficient) and J(k) (phase) are even and odd functions of k, respectively;
We will suppose that the tunneling parameters have already been calculated. In the case of many-barrier structures, for this purpose one may use the recurrence relations obtained in [49] just for these real parameters. For the rectangular barrier of height V 0 (if V 0 < 0, we deal with a potential well) we have
in both cases
(see [49] ). Now, taking into account Exps. (4) and (5), we can write in-asymptote, ψ in (x, t), and out-asymptote, ψ out (x, t), for the time-dependent scattering problem (see [51] ):
where Exps. (8), (10) and (11) describe, respectively, the incident, transmitted and reflected wave packets. Here A in (k) is the Fourier-transform of ψ in (x). For example, for the Gaussian wave packet to obey condition (1),
Incoming waves for transmission and reflection
Let us now show that by the final states (9)-(11) one can uniquely reconstruct the prehistory of the subensembles of transmitted and reflected particles at all stages of scattering. Let ψ tr and ψ ref be searched-for wave functions for transmission (TWF) and reflection (RWF), respectively. By our approach their sum should give the (full) wave function ψ f ull (x, t) to describe the whole combined scattering process. From the mathematical point of view our task is to find such two solutions ψ tr and ψ ref to the Schrödinger equation that, for any t,
in the limit t → ∞,
where ψ tr out (x, t) and ψ ref out (x, t) are the transmitted and reflected wave packets whose Fourier-transforms presented in (10) and (11) .
We begin with searching for the stationary wave functions for reflection, ψ ref (x; k), and transmission, ψ tr (x; k). Let for x ≤ a
where
Since the RWF describes only reflected particles, which are expected to be absent behind the barrier, the probability flux for ψ ref (x; k) should be equal to zero -
In its turn, the probability flux for ψ f ull (x; k) and ψ tr (x; k) should be the same -
Then, taking into account that ψ tr = ψ f ull − ψ ref , we can exclude ψ tr from Eq. (16) .
As a result, we obtain
Since |b out | 2 = R, from Eqs. (15) and (17) it follows that
So, a coherent superposition of the incoming waves to describe transmission and reflection, for a given E, yields the incoming wave of unite amplitude, that describes the whole ensemble of incident particles. In this case, not only A
Besides, the phase difference for the incoming waves to describe reflection and transmission equals π/2 irrespective of the value of E. Our next step is to show that only one root of λ gives a searched-for ψ ref (x; k). For this purpose the above solution should be extended into the region x > a. To do this, we will restrict ourselves by symmetric potential barriers, though the above derivation is valid for all barriers.
Wave functions for transmission and reflection in the case of symmetric potential barriers
As is known, for the region of a symmetric potential barrier, one can always find odd, u(x−x c ), and even, v(x−x c ), solutions to the Schrödinger equation. We will suppose here that these functions are known. For example, for the rectangular potential barrier (see Exps. (6) and (7)),
u is a constant, which equals κ in the case of the rectangular barrier. Without loss of generality we will keep this notation for any symmetric potential barrier.
Before finding ψ ref (x; k) and ψ tr (x; k) in the barrier region, we have firstly to derive expressions for the tunneling parameters of symmetric barriers. Let in the barrier region
. "Sewing" this expression together with Exps. (2) and (3) at the points x = a and x = b, respectively, we obtain
As a result,
As it follows from (4),
Besides, considering the expressions for Q and P , one can easily show that P Q * − P * Q = 2ikκ. This means that a out /b out is a purely imagine quantity. From this it follows that for symmetric potential barriers F = 0 when 
One can easily show that in this case
Then, extending this solution onto the region x ≥ b gives
Let us now show that the searched for RWF is, in reality, zero to the right of the barrier's midpoint. Indeed, as is seen from Exp. (21) , ψ ref (x c ; k) = 0 for all values of k. In this case the probability flux, for any time-dependent wave function formed from ψ ref (x; k), is equal to zero at the barrier's midpoint for any value of time. This means that a particle impinging the symmetric barrier from the left does not enter the region x ≥ x c . Thus, ψ ref (x; k) ≡ 0 for x ≥ x c . In the region x ≤ x c it is described by Exps. (14) and (21) . For this solution, the probability density is everywhere continuous and the probability flux is everywhere equal to zero.
As regards the searched-for TWF, one can easily show that
Like ψ ref (x; k), the TWF is everywhere continuous and the corresponding probability flux is everywhere constant (we have to stress once more that this flux has no discontinuity at the point x = x mid , though the first derivative of ψ tr (x; k) on x is discontinuous at this point). As in the case of the RWF, wave packets formed from ψ tr (x; k) should evolve in time with a constant norm. So, for any value of t
T and R are the average transmission and reflection coefficients, respectively. Besides,
From this it follows, in particular, that the scalar product of the wave functions for transmission and reflection, < ψ tr (x, t)|ψ ref (x, t) >, is a purely imagine quantity to approach zero when t → ∞.
It is important also to note that in addition to the TWF, there is a "usual" solution of the Schrödinger equation,ψ tr , with the same incoming wave. Unlike the TWF, this solution has two outgoing waves, but not one. Let alsoψ ref be an "usual" solution to correspond the RWF. It is evident that ψ f ull = ψ tr + ψ ref =ψ tr +ψ ref . Thus, in fact, from the above formalism it follows once more nontrivial result: the superposition of "usual" statesψ tr andψ ref is equivalent to that of the TWF and RWF.
Characteristic times for transmission and reflection
Now we are ready to proceed to the study of temporal aspects of the one-dimensional scattering. The wave functions for transmission and reflection presented in the previous section permit us to introduce characteristic times for either sub-process. Our main aim is to find, for each sub-process, the time spent on the average by a particle in the barrier region. In doing so, we have to bear in mind that there may be different estimations of this quantity. However, what is important is that the searched-for time scale must not depend, for a completed scattering, on the details of experiment carried out after the scattering event. As was pointed out, in this case all detectors should be placed far from the barrier.
Measuring the tunneling time, under such conditions, implies that a particle has its own, internal "clocks" to remember the time spent by the particle in the spatial region investigated. Of course, this means that the only way to measure the tunneling time for a completed scattering is to exploit internal degrees of freedom of quantum particles. As is known, namely this idea underlies the Larmor-time concept based on the Larmor precession of the particle's spin under the magnetic field.
In the above context, the concepts of the group, sojourn and dwell times are rather auxiliary ones, since they seem cannot be verified. Nevertheless, they are useful for better understanding of the peculiarities of timing a quantum particle.
Group times for transmission and reflection
We begin our analysis from the group time concept to give the time spent by the wavepacket's CM in the considered spatial region. In other words, both for transmitted and reflected particles, we begin with timing "mean-statistical particles" of these subensembles (their motion is described by the Ehrenfest equations). In doing so, we will distinguish exact and asymptotic group times.
Exact group times
Let t tr 1 and t tr 2 be such moments of time that 1
Then, one can define the transmission time ∆t tr (a, b) as the difference t is the smallest root of Eq. (26), and t tr 2 is the largest root of Eq. (27) . Similarly, for reflection, let t (+) and t (−) be such values of t that
Then the exact group time for reflection, ∆t
Of course, the most shortcoming of the exact characteristic times is that they fit only for sufficiently narrow (in x-space) wave packets. For wide packets these times give a very rough estimation of the time spent by a particle in the barrier region. For example, one may a priory say that the exact group time for reflection, for a sufficiently narrow potential barrier and/or wide wave packet, should be equal to zero. In this case, the wave-packet's CM does not enter the barrier region.
Asymptotic group times for transmission and reflection
Note, the potential barrier influences a particle not only when its most probable position is in the barrier region. For a completed scattering it is useful also to introduce asymptotic group times to describe the passage of the particle in the sufficiently large spatial interval
It is evident that in this case, instead of the exact wave functions for transmission and reflection, we may use the corresponding in-and out-asymptotes derived in k-representation. The "full" in-asymptote, like the corresponding out-asymptote, represents the sum of two wave packets: (19) ). One can easily show that |λ
. For the average wave numbers in the asymptotic spatial regions we have
As it follows from Exps. (31) and (32), the average starting points x tr start and x ref start , for the subensembles of transmitted and reflected particles, respectively, read as
The implicit assumption made in the standard wave-packet analysis is that transmitted and reflected particles start, on the average, from the origin. However, it does not agree with our approach. Just x which have the status of the expectation values of the particle's position. They behave causally in time. As regards the average starting point of the whole ensemble of particles, its coordinate is the initial value of <x > in which behaves non-causally in the course of scattering. This quantity is not the expectation value of the particle's position in the tunneling process.
Let us take into account Exps. (31), (32) and analyze the motion of a particle in
In particular, let us define the transmission time for this region, making use the asymptotes of the TWF. We will denote this time as ∆t (10), we obtain from here that the transmission time for this interval is
Similarly, for the reflection time ∆t
Considering (32) and (11), one can easily show that
The times τ , b) ) are, respectively, the searched-for asymptotic group times for transmission and reflection, for the barrier region:
Note, unlike the exact group times, the asymptotic ones may be negative by value. For the latter do not give the time spent by a particle in the barrier region (see Fig.1 ). The lengths d 
, may be treated as the effective barrier's widths for transmission and reflection, respectively.
Average starting points and asymptotic group times for rectangular potential barriers
Let us consider the case of the rectangular barrier and obtain explicit expressions for d ef f (k) (now, both for transmission and reflection,
which can be treated as the effective width of the barrier for a particle with a given k. Besides, we will obtain the corresponding expressions for the expectation value, x start (k), of the staring point for this particle:
It is evident that in terms of d ef f the above asymptotic times for a particle with the well-defined momentumhk 0 read as
Using Exps. (6) and (7), one can show that, for the below-barrier case (E ≤ V 0 ) -
for the above-barrier case (E ≥ V 0 ) -
,
Note, d ef f → d and x start (k) → 0, in the limit k → ∞. For infinitely narrow in xspace wave packets, this property ensures the coincidence of the average starting points for both subensembles with that for all particles. For wide barriers, when κd ≫ 1 and E ≤ V 0 , we have d ef f ≈ 2/κ and x start (k) ≈ 0. That is, the asymptotic group transmission time, like the "phase" time, saturates with increasing the width of an opaque potential barrier.
It is important to stress that for the δ-potential, V (x) = W δ(x − a), d ef f ≡ 0. The subensembles of transmitted and reflected particles start, on the average, from the point
Dwell times
Let us now consider the stationary scattering problem. It describes a limiting case of the scattering of wide wave packets, when the group-time concept leads to a large error in timing a particle. 
Dwell time for transmission
By analogy with [14] , we will name this time scale as the dwell time for transmission. One can easily show that for the rectangular barrier this quantity reads as 
Dwell time for reflection
where I ref = R ·hk/m is the incident probability flux for reflection.
Again, considering the rectangular barrier, one can easily show that
We have to stress once more that Exps. (36) and (39), unlike Smith's, Buttiker's and Bohmian dwell times, are defined in terms of the TWF and RWF. As will be seen from the following, the dwell times introduced can be justified in the framework of the Larmor-time concept.
Larmor times for transmission and reflection
As was said above, both the group and dwell time concepts do not give the way of measuring the time spent by a particle in the barrier region. This task can be solved in the framework of the Larmor time concept. As is known, the idea to use the Larmor precession as clocks was proposed by Baz' [19] and developed later by Rybachenko [20] and Büttiker [14] (see also [21, 23] ). However the known concept of Larmor time has a serious shortcoming. This time scale is introduced in fact (see [14, 21, 23] ) in terms of asymptotic values. In this connection, our aim is to define the Larmor times for transmission and reflection on a new basis.
Preliminaries
Let us consider the quantum ensemble of electrons moving along the x-axis and interacting with the symmetrical time-independent potential barrier V (x) and small magnetic field (parallel to the z-axis) confined to the finite spatial interval [a, b] . Let this ensemble be a mixture of two parts. One of them consists from electrons with spin parallel to the magnetic field. Another is formed from particles with antiparallel spin.
Let at t = 0 the in state of this mixture be described by the spinor
where ψ in (x) is a normalized function to satisfy conditions (1) . So that we will consider the case, when the spin coherent in state (42) is the eigenvector of σ x with the eigenvalue 1 (the average spin of the ensemble of incident particles is oriented along the x-direction); hereinafter, σ x , σ y and σ z are the Pauli spin matrices. For electrons with spin up (down), the potential barrier effectively decreases (increases), in height, by the valuehω L /2; here ω L is the frequency of the Larmor precession; ω L = 2µB/h, µ denotes the magnetic moment. The corresponding Hamiltonian has the following form,
For t > 0, due to the influence of the magnetic field, the states of particles with spin up and down become different. The probability to pass the barrier is different for them. Let for any value of t the spinor to describe the state of particles read as
In accordance with (12) , each of these two spinor components can be uniquely presented as a coherent superposition of two probability fields to describe transmission and reflection:
note that ψ
As a consequence, the same decomposition takes place for spinor (44) 
We will suppose that all the wave functions for transmission and reflection are known. It is important to stress here (see (25) that
ref (x, t) >= const; T (↑↓) and R (↑↓) are the (real) transmission and reflection coefficients, respectively, for particles with spin up (↑) and down (↓). Let further T = (T (↑) + T (↓) )/2 and R = (R (↑) + R (↓) )/2 be quantities to describe the whole ensemble of particles.
Time evolution of the spin polarization of particles
To study the time evolution of the average particle's spin, we have to find the expectation values of the spin projectionsŜ x ,Ŝ y andŜ z . Note, for any t
f ull > . Similar expressions are valid for transmission and reflection:
Note, θ f ull = π/2, φ f ull = 0 at t = 0. However, this is not the case for transmission and reflection. Namely, at t = 0 we have
Since the norms of ψ 
So, since the operatorŜ z commutes with Hamiltonian (43), this projection of the particle's spin should be constant, on the average, both for transmission and reflection. From the most beginning the subensembles of transmitted and reflected particles possess a nonzero average z-component of spin (though it equals zero for the whole ensemble of particles, for the case considered) to be conserved in the course of scattering. By our approach it is meaningless to use the angles θ 
4.3.3.
Larmor precession caused by the infinitesimal magnetic field confined to the barrier region As in [14, 23] , we will suppose further that the applied magnetic field is infinitesimal. In order to introduce characteristic times let us find the derivations dφ tr /dt and dφ ref /dt. For this purpose we will use the Ehrenfest equations for the average spin of particles. One can show that 
Then, considering Exps. (48), (49) and (52), we obtain
Or, taking into account that in the first order approximation on the infinitesimal magnetic field, when ψ
tr (x, t) = ψ tr (x, t) and ψ
As is supposed in our setting the problem, both at the initial and final moments of time, the ensemble of particles does not interact with the potential barrier and magnetic field. In this case, without loss of exactness, the angles of rotation (∆φ tr and ∆φ ref ) of spin under the magnetic field, in the course of a completed scattering, can be written in the form,
On the other hand, both the quantities can be written in the form: 
These are just the searched-for definitions of the Larmor times for transmission and reflection. Our next step is to transform Exps. (54). For this purpose we will consider only transmission. In the general case ψ tr (x, t) reads as
remind that E(k) =h 2 k 2 /2m; ψ tr (x, k) is the stationary wave function for transmission (see Section 3).
Let us now transform the integral
. Considering Exp. (55) and integrating on t, we obtain
Hence, for the Larmor transmission time, we have eventually
A similar expression takes place for τ L ref :
The integrands in both these expressions are evident to be non-singular at k = 0.
One can easy show that in the stationary case, when A in (k) = δ(k − k 0 ), Exps. (56) and (57) are reduced to ones (36) and (39) for the dwell times. Now, for rectangular barriers, in addition to Larmor times (37), (38) , (40) and (41)), we can find explicit expressions for the initial angles. To the first order in ω L , we have θ
tr ; where
Note that the quantity τ tr , this quantity relates directly to timing a particle in the barrier region. It describes the initial position of the "clock-pointers", which they have before entering this region.
Tunneling a particle through an opaque rectangular barrier
Note, Exps. (54) are similar, by form, to the definitions of the dwell time introduced in conventional (see [6, 8, 12, 18] ) and Bohmian (see, e.g., [34] ) quantum mechanics. However we have to stress that they are different, in essence. Firstly, our definitions of characteristic times for transmission and reflection are based on the exact solutions of the Schrödinger equation, which individually describe these sub-processes at all stages of scattering. Secondly, Exps. (54) were derived as Larmor times. Thereby they can be verified experimentally. At the same time the dwell times [6, 8, 12, 18, 34] defined in terms of ψ f ull do not allow one to distinguish correctly these sub-processes, both theoretically and experimentally.
Let us now show that the case of tunneling a particle, with a well defined energy, through an opaque rectangular potential barrier is the most suitable one to verify our approach. Let the measured azimuthal angle be φ (50) and (53)). That is, the final time to be registered by the particle's "clocks" should be equal to τ
As is seen, in the general case there is a problem to distinguish the inputs τ Note that the Bohmian approach formally denies this effect, too. It predicts that the time, τ Bohm dwell , spent by a transmitted particle in the opaque rectangular barrier is
Thus, for κd ≫ 1 we have τ However, we have to stress that our approach does not at all deny the Bohmian approach. It suggests only that causal trajectories for transmitted and reflected particles should be redefined in this approach. In the problem at hand a particle should have, by quantum mechanics, two possibility (to be transmitted or to reflected by the barrier) irrespective of the location of its starting point. This means that namely two causal trajectories should evolve from each staring point: on the OX-axis one should lead to plus infinity, but another should approach minus infinity. Both the families of causal trajectories must be defined on the basis of ψ tr (x, t) and ψ ref (x, t). As to the rest, all mathematical tools developed in the Bohmian mechanics (see, e.g., [33, 34] ) remain in force.
Tunneling a particle through an opaque barrier is also useful to display explicitly the role of the exact and asymptotic group times in timing a scattered particle. Fig.1 shows the expectation value of the particle's position as a function of t. It was calculated for the transmitted wave packet providing that a = 200nm, b = 215nm, V 0 = 0.2eV . At t = 0 the (full) state of the particle is described by the Gaussian wave packet peaked around x = 0; its half-width 10nm; the average energy of the particle 0.05eV .
As is seen from this figure, the exact group time gives the time spent by the CM of the transmitted wave packet in the barrier region, but the asymptotic time displays the lag (or outstripping) of the wave-packet's CM with respect to freely moving one, whose velocity is equal to that of the CM of the transmitted wave packet.
In the case considered the exact group transmission time is equal approximately to 0.155ps, the asymptotic one is of 0.01ps, and τ f ree ≈ 0.025ps. As is seen, the dwell and exact group times for transmission, both evidence that, though the asymptotic group time for transmission is small for this case, transmitted particles spend much time in the barrier region.
Conclusion
The basis of our approach is the concept of combined and elementary quantum states and processes. On this basis we develop a renewed theory of the tunneling phenomenon in one dimension. It consists from two parts. In the first part we develop the theory of the (elementary) sub-processes -transmission and reflection -to constitute the (combined) process of scattering a quantum particle on a static symmetric potential barrier. In particular, we find two solutions of the Schrödinger equation, which describe these subprocesses at all stages of scattering. Their sum gives the wave function to describe the whole combined process.
In the second part we study the temporal aspects of these two sub-processes. Namely, we introduce the Larmor-time concept which we consider gives the solution to the tunneling time problem. Besides, we define here the (exact and asymptotic) group and dwell times. They play an auxiliary role in timing a quantum particle.
The theoretical model of the tunneling phenomenon presented here admits an experimental verification. 
